In species with bi-parental care, individuals must partition energy between parental effort and mating effort. Typically, female songbirds invest more than males in reproductive activities such as egg-laying and incubation, but males invest more in secondary sexual traits used in attracting mates. Animals that breed more than once within a season must also allocate time and energy between first and subsequent breeding attempts and between current and future breeding seasons. To investigate strategies of reproductive investment by males and females and the consequences of such strategies, we manipulated the size of broods of Eastern Bluebirds Sialia sialis . Pairs with enlarged first broods were less likely to produce a second clutch or took longer to initiate one than pairs with reduced broods. After rearing enlarged broods, females were less likely than males to survive to the following year. Although plumage coloration is a sexually selected trait in Eastern Bluebirds that is influenced by nutritional stress, we did not detect an effect of brood-size manipulation on female coloration. Past research, however, demonstrates that, in males, plumage colour is negatively affected by increasing brood size. We suggest that there are sex-specific strategies of reproductive investment in Eastern Bluebirds, and that researchers should incorporate measures of residual reproductive value in studies of life-history evolution.
A central theme in life-history theory is that investment in current reproduction should be offset by reduction in residual reproductive value (Williams 1966) . Furthermore, individuals can allocate energy either to mating effort or to parental effort (Trivers 1972) , so that current investment in parental effort is expected to affect future energy available for mating effort (Stearns 1992) , including production of ornamental traits (Norris et al . 2004) . In monogamous species with bi-parental care, both sexes benefit from increased care of offspring, but males have more to gain through investment in mating effort (Trivers 1972) , especially given that extra-pair fertilizations are common in socially monogamous birds (Westneat et al . 1990) .
Because of differential investment in egg production, incubation and production of sexual displays (Andersson 1994 , Nager et al . 2001 ), males and females may respond differently to manipulations aimed at increasing parental care. When parental effort is experimentally increased in species with bi-parental care, females typically invest more in parental care (Sanz et al . 2000 , Velando & Alonso-Alvarez 2003 and suffer higher mortality (Verhulst 1998 ) than males. In Collared Flycatchers Ficedula albicollis , for example, experimentally increasing parental effort caused females to reduce the size of future clutch sizes (Gustafsson & Pärt 1990) and caused males to experience a reduction in ornamentation (Gustafsson et al . 1995) that was likely to decrease their future reproductive success. In the Great Tit Parus major , experimental removal of second clutches increased the survival rates of females, but not those of males (Verhulst 1998) .
Many species of birds rear more than one brood within a breeding season and so face the challenge of allocating time and energy between first and second broods in a manner that maximizes reproductive success (Williams 1966 , Roff 1992 , Stearns 1992 . A number of studies have shown that when the size of first broods is experimentally increased, females are less likely to initiate subsequent broods or may delay initiation (Slagsvold 1984 , Tinbergen & Daan 1990 , Verhulst & Hut 1996 . Male and female optima for the timing and number of subsequent clutches might be expected to differ, although these parameters are probably under female control.
The energetic and time constraints associated with multiple breeding efforts can carry over into other important life-history phenomena. Plumage colour can result either from pigments deposited in feathers or from the light interacting with the microstructures of feathers. Although many studies have shown that pigment-based colouration of birds commonly functions as an honest indicator of quality (reviewed in Hill 2006) , recent studies indicate that structural colouration can also serve as a condition-dependent signal of individual quality (McGraw et al . 2002 , Johnsen et al . 2003 and suggest that environmental perturbations could interfere with the precise arrangement of tissues at a nanostructure scale, thus affecting colouration (Shawkey et al . 2003 (Shawkey et al . , 2005 .
Few studies have experimentally tested the effects of specific environmental variables on expression of female plumage colouration. The experimental studies to date suggest that patterns of condition dependency in female plumage traits mirror patterns of condition dependency in the equivalent male traits (reviewed in Amundsen & Pärn 2006) . Indeed, female Common Eiders Somateria mollissima that experience greater mass loss or show decreased immunosuppression (or both) during the breeding season produce plumage with reduced ornamentation during the following moult (Hansson et al . 2006) .
Eastern Bluebirds Sialia sialis are good subjects for a study of the reproductive investment strategies of males and females because they readily use nestboxes, breed repeatedly in the same location and tolerate considerable disturbance at the nest. In the southern part of their range, Eastern Bluebirds lay small clutches of eggs (mode = 4), and hatching is synchronous. Most pairs rear two broods per season (Gowaty & Plissner 1998 ), individuals are not migratory (L. Siefferman unpubl. data), and there is no difference in the annual survival of males and females (Plissner & Gowaty 1996) . Eastern Bluebirds are socially monogamous, but extra-pair paternity is common, accounting for 40% of offspring in one population (Gowaty & Karlin 1984) . Male Bluebirds assist in nest defence and feed nestlings and fledglings (Pinkowski 1978) . After the female initiates a second clutch, the male becomes the primary provider of post-fledgling care of the first brood (L. Siefferman pers. obs.), and the interval between clutches is longer after rearing larger broods (Pinkowski 1977) .
Males exhibit non-iridescent structural blue colouration over the back, head, wings and tail, and females show the same basic colour pattern but are substantially duller in colour, being greyish-blue where males are blue. Sexual selection is probably responsible for driving the elaboration of structural plumage colouration in male and female Eastern Bluebirds. Females and males that express brighter and more saturated UV-blue plumage pair earlier, feed chicks more often and have higher reproductive success , 2005a . Plumage colouration mediates male-male competitions for breeding territories (Siefferman & Hill 2005b) . Experimental manipulations of food availability suggest that structurally based plumage colouration is a condition-dependent trait in female Eastern Bluebirds (Siefferman & Hill 2005a ). An annual moult occurs after the breeding season (late summer to early autumn), and there is no difference between the sexes in the time of onset or length of moult (Gowaty & Plissner 1998) .
In this study we experimentally manipulated the size of Eastern Bluebird broods to investigate the effects on (1) the likelihood and timing of subsequent broods, (2) the characteristics of subsequent clutches (clutch size, hatching success, fledging success), (3) the number of nestlings reared over the season, (4) the survival of male and female parents, and (5) the relative plumage ornamentation of females in the subsequent year. In a previous study we showed that both females and males increase provisioning rates when given experimentally enlarged broods and considered the effects of brood-size manipulation on ornamental colouration in males (Siefferman & Hill 2005c) . Although studies have investigated the likelihood of producing second broods in relation to manipulation of brood size, few studies have reported survival of adults or tested the effects of reproductive effort on female ornamentation.
METHODS
We studied a colour-marked population of Eastern Bluebirds on an 8-km 2 study site from March to August 1999-2002 in Lee County, Alabama, USA (32 ° 35 ′ N, 82 ° 28 ′ W). All Bluebirds in this study population nested in wooden boxes that were erected and maintained by the authors. Adults were captured with mist-nets in early spring before eggs hatched. Each bird was marked with a unique combination of three coloured leg rings and one metal US Fish and Wildlife Service ring.
In 2000 and 2001, we enlarged or reduced the size of broods. We paired nests with 3-5 eggs and a common hatch date. Within each of 44 pairs of nests, we randomly selected one nest to have an enlarged brood and the other to have a reduced brood. We crossfostered nestlings on the second day after hatching; enlarged broods were given two additional nestlings and reduced nests had two nestlings removed (mean ± sd chicks per nest; reduced broods = 2.2 ± 0.5, enlarged broods = 5.6 ± 0.6). The mean age at which nestlings fledged in this population was 17 days (L. Siefferman unpubl. data). The brood-size manipulation influenced parental feeding rates such that pairs that reared enlarged broods provisioned broods twice as often as pairs that reared reduced broods, but the proportional share of feedings by males and females was equal and did not vary with brood size (Siefferman & Hill 2005c) .
We recorded whether each pair produced a further clutch following the manipulated brood. Pairs that initiated laying their first clutches after May 15 were excluded from analyses of second breeding attempts as there might not have been enough time remaining in the season to produce a second brood (L. Siefferman pers. obs.). The interval to initiation of the second clutch was estimated as the number of days from the date on which the first brood hatched to the date at which the first egg was laid in the next clutch by that female. Clutch size, brood size and the number of nestlings that fledged from the nests that followed brood-size manipulations were also recorded.
Over-winter survival of parents was assessed by whether or not individuals returned to the study site the following year. Because return rates in consecutive years are the product of true survival, site fidelity, breeding propensity and detection rate, one must interpret return rates carefully. Bluebirds are dependent on nestboxes and show strong fidelity to specific boxes, which makes the probability of detecting individuals high (Keyser et al . 2004) . Eastern Bluebirds have high breeding-site fidelity, with most individuals returning to the same nest-site in subsequent years (Gowaty & Plissner 1998) . As a result of an intensive capture/re-sighting protocol, the identity of the nesting adults in each year was known and the entire breeding population was censused each year. Because the study area was large, covering 8 km 2 with a linear distance of 20 km between some parts of the study area, rates of adult nest-site fidelity could be estimated. During our 8-year study of this population, only three of 302 adult birds moved more than 500 m between breeding seasons and no birds moved more than 1.5 km. Furthermore, in 8 years only one adult bred in one year, disappeared in the following year and reappeared to breed in a third year. These observations support the notion that a very high proportion of surviving adults return to their breeding site of the previous year and thus we assumed that return rates are a good proxy for survival.
Because of sample size restriction, no pairs were monitored as controls during 2000 and 2001, although we did collect data from unmanipulated broods in 1999. The results of brood-size manipulation on adult survival are complex, so in post-hoc analyses we used 1999 as a control for the 2000 and 2001 manipulations.
At the time of capture, feather samples were collected from females for colour analysis. We measured plumage reflectance from eight rump feathers of each individual with an Ocean Optics S2000 spectrometer, a deuterium tungsten halogen light source (range 250 -880 nm) and a Labsphere white standard following the methods of Siefferman and Hill (2003) . We collected rump feathers because the colouration of this body region is known to be influenced by nutritional stress (Siefferman & Hill 2005a ) and because colouration in this body region correlates strongly with that in other blue body regions (L. Siefferman unpubl. data). Reflectance data were summarized by calculating three standard descriptors of reflectance spectra. Brightness was estimated as the summed reflectance from 300 to 700 nm. UV chroma was estimated as the proportion of the total reflectance of the entire spectrum made up by total reflectance in the ultraviolet range ( ∫ 300-400/ ∫ 300-700 nm). Hue was calculated as the wavelength (nm) corresponding to maximal reflectance ( λ max ). Past research on this species indicated that the more ornamented birds have higher brightness, greater UV chroma and lower hue (peak reflectance at shorter wavelengths).
Statistical analysis
Over the course of 2 years, we manipulated the brood sizes of 88 nests of Eastern Bluebirds, but sample sizes for measures differ because some nests were lost to predators. We failed to capture two females and four males, and did not obtain fledgling mass for all manipulated nests. Birds that lost nests to predation were not included in the analyses. No birds had their broods manipulated in more than one year. We combined the data from 2000 and 2001 because analysis of variance indicated no effects of year on within-season re-nesting parameters or return rates ( P > 0.10 in all cases). However, there was a significant effect of year on plumage colouration ( P < 0.001 for all three colour parameters), and those data were standardized for year (mean = 0, sd = ± 1). We tested for normality using Shapiro-Wilk tests, and used parametric tests when data were normally distributed. When data were not normally distributed, nonparametric tests were used. SPSS (version 11.5 Chicago, IL, USA) software was used to analyse the data, and all statistical tests were two-tailed (with the exception of one-tailed Fisher exact tests). Prior to the experiment, treatment group was not related to clutch size (Mann-Whitney U 43,39 = 807, P = 0.58).
RESULTS

Second nesting attempts
There was a significant effect of the brood-size manipulation on the likelihood of repeat nesting. Eighty-two per cent of pairs with reduced broods produced a second clutch (23 of 28) whereas only 54% of pairs with enlarged broods produced a second clutch (15 of 28; Fisher exact test, P = 0.02). Of the pairs that produced a second clutch following the experiment, those that reared an enlarged brood were slower to re-nest than those that reared a reduced brood (Table 1) . However, there was no effect of brood manipulation on clutch size, brood size or average fledgling mass of second clutches, and the number of offspring fledged from second nests did not differ between treatment groups (Table 1) .
Annual fledgling success
To determine whether the brood-size manipulation affected the overall number of nestlings that fledged in the year of the manipulation, we calculated the total number of nestlings that lived to day 14 posthatch from pairs that reared enlarged and reduced broods. Pairs that reared enlarged broods fledged more nestlings during the breeding season than did pairs that reared reduced broods (Table 1) , indicating that the brood-size manipulation influenced the annual workload of the parents.
Parental return rates
We compared the return rate of parents that reared enlarged broods with that of parents that reared reduced broods to determine whether the brood-size manipulation affected the likelihood that parents would survive to the following breeding season. Thirty-five per cent of males ( n = 15) and 34% of females ( n = 15) that reared reduced broods returned to breed in the next breeding season, whereas 51% of males ( n = 19) and 24% of females ( n = 9) that reared enlarged broods returned. To determine whether return rates were influenced by sex, treatment, the number of nests or number of nestlings reared, we used binomial regression. In this model, in which independent variables included parental sex and brood-size manipulation (treatment), we tested for a significant interaction between the sex and treatment, and covariates included the number of young reared and number of broods produced. We found a nearly significant interaction between sex and treatment (Wald statistic = 3.5, P = 0.06, Fig. 1 ). The binomial regression also showed that, overall, males were more likely to survive than females (Wald statistic = 6.2, P = 0.01), and there was a tendency for treatment to influence parental survival such that parents that reared enlarged broods were more likely to survive (Wald statistic = 3.5, P = 0.06). There was no significant effect of the number of nestlings reared (Wald statistic = 1.1, P = 0.29) or the number of clutches produced (Wald statistic = 0.6, P = 0.45) on return rate. Experimental treatment did not affect male or female return rates (Fig. 1) . A comparison of the return rates of males and females that reared enlarged broods indicated that females were less likely to survive than males (Fisher exact test, P = 0.01, Fig. 1 ). Among birds that raised reduced broods, however, there was no difference in the survival of males and females to the year following the manipulation ( P = 0.56, Fig. 1) .
The added costs of producing and incubating second clutches may have contributed to increased mortality rates of females that reared enlarged broods. Binomial regression was used to determine whether the return rates of males and females that reared enlarged broods were influenced by whether they produced a second brood. Producing a second brood influenced neither female (Wald statistic = 1.6, P = 0.21) nor male (Wald statistic = 1.5, P = 0.23) return rates.
During the 1999 breeding season, brood sizes were not manipulated. In 1999, we ringed 42 adult females and 36 adult males, and we recaptured 22 females (52%) and 17 males (47%) in 2000. A comparison of the return rates of control males and females showed no significant sex difference in survival (Fisher exact test, P = 0.82, Fig. 1 ). Moreover, a comparison of adults that reared enlarged and reduced broods in 2000 and 2001 with adults that reared control broods in 1999 demonstrated a significant interaction between sex and treatment on survival (multinomial regression: χ 2 = 11.0, P = 0.05, Fig. 1 ). The treatment influenced survival of females but not males (Pearson's χ 2 , females: P = 0.03, males: P = 0.30). Post-hoc analysis of female survival suggested that females that reared enlarged broods suffered greater mortality than control females (Fisher exact test, P = 0.008, Fig. 1) . Moreover, there was a non-significant tendency for females that reared reduced broods to suffer greater mortality than control females (Fisher exact test, P = 0.07).
Female plumage colouration
We assessed whether the change in plumage colour from the year of the manipulation to the year following the manipulation (colour in year following manipulation -colour during manipulation year) differed between the females that reared enlarged and reduced broods. There was no effect of brood-size manipulation on change in plumage colouration between the surviving females that had reared enlarged or reduced broods (Table 1) . Moreover, although the sample sizes were small, the 95% confidence intervals suggested that the experiment did not influence female colouration (95% CLs: brightness, -1.35 to 0.96; UV chroma, -0.74 to 1.19; hue -1.47 to 0.83).
DISCUSSION
When the size of broods of Eastern Bluebirds was increased, there was evidence that increasing reproductive effort led to differential mortality of males and females. After rearing enlarged broods, females were less likely to survive than males. In fact, comparison of female survival after rearing manipulated broods with survival after rearing broods of natural sizes suggested that both increasing and decreasing brood size reduced female, but not male, survival. In contrast to males, which showed a significant reduction in plumage colouration in the year following brood enlargement (Siefferman & Hill 2005c) , surviving females did not experience a reduction in plumage ornamentation after rearing enlarged broods. Brood-size manipulation influenced parental feeding rates; pairs that reared enlarged broods provisioned broods more often than pairs that reared reduced broods and the proportional share of maternal and paternal provisioning did not vary with brood size (Siefferman & Hill 2005c) . By forcing parents to invest more in the first brood, we revealed a withinseason trade-off of time or energy allocation; females that reared enlarged broods were less likely to lay subsequent clutches, and those that did lay second clutches were slower to do so.
Males may be less willing to risk increased mortality as a consequence of increased parental effort than females because their paternity is not assured. Moreover, males may balance allocation of time and energy for parental care with time and energy expended in pursuit of extra-pair copulations (Trivers 1972 , Magrath & Komdeur 2003 . The differential survival of females and males after rearing enlarged broods suggests that costs or benefits of clutch size differ between the sexes. In studies of other species of songbirds that experimentally reduced the contribution to nestling care by one partner, females compensated more than males for reduced help and showed greater deterioration of body condition as a consequence (Sanz et al . 2000 , Velando & Alonso-Alvarez 2003 . Particularly in species in which extra-pair paternity is common, females may be more willing than males to invest more heavily in enlarged broods (Westneat et al . 1990) . Future work should test the costs and benefits to allocating time and energy towards parental care vs. extra-pair paternity in male Eastern Bluebirds.
It appears that females compensate for the extra energy or time invested in raising enlarged broods by either not laying a second clutch or by delaying the initiation of the second clutch. Slowing down or halting further reproduction in a season following a demanding first brood could be the result of increased duration of post-fledging care of larger broods, a depletion of the energy reserves of parents or a combination of both (Verhulst & Hut 1996) . However, it is also possible that parents were less likely to produce a subsequent brood because of strategic adjustments based on the number of young produced (Verhulst & Tinbergen 1997) . Unfortunately, our data did not allow us to differentiate directly between these alternative hypotheses. Although the likelihood and timing of producing a subsequent brood was affected by brood manipulation, the subsequent clutch size, brood size and fledgling success of second clutches were not affected. This suggests that females produce second clutches only when they have adequate energy and time reserves and /or adequate food resources and habitat quality to lay, incubate and provision a second clutch (Meijer & Drent 1999 ).
Differential return rates of females and males after rearing enlarged broods suggested that females pay larger mortality costs than males. The return rates of females that reared enlarged broods, however, were not influenced by whether they produced a second brood. It is likely that only females in exceptional body condition or with high-quality territories attempted to lay second clutches and that those females could do so without jeopardizing survival. It may be that females in lower body condition or with lower quality habitats would not have produced multiple clutches even under control conditions (Den Boer-Hazenwinkel 1987 , Winkel & Winkel 1995 . Our data on differential mortality of males and females corroborate the observations of Verhulst (1998) , in which experimental removal of second clutches in years of low food availability improved female, but not male, survival in Great Tits. However, our estimates of survival could be biased if females that reared reduced broods experienced greater between-season breeding philopatry than females that reared enlarged broods. Dispersal of adult Eastern Bluebirds is more likely to occur after total nest failure (Gowaty & Plissner 1998) . If females that reared smaller broods were more likely to disperse than females that reared larger broods, then our measure of female survival is conservative. Increased dispersal after rearing reduced broods, however, could explain the tendency of females to experience lower return rates than control females. Indeed, compared with controls, females showed reduced return rates after rearing enlarged or reduced broods. Males did not show a concurrent effect, suggesting that females may be more sensitive to brood manipulation than males.
Differential mortality between sexes as a consequence of brood-size manipulation suggests a sexual conflict with regard to optimal brood size decisions; it appears to be more profitable for males to rear larger broods than females. However, even though males were more likely than females to survive after rearing enlarged broods, the experimental manipulation had consequences for the future ornamentation of males that we did not detect in females. Males that reared enlarged broods suffered a reduction in the brightness of blue/UV structural plumage colouration (Siefferman & Hill 2005c) . The effect of brood-size manipulation on the change in female plumage colouration between the treatment groups was not statistically significant. Although the sampling of surviving males was higher than surviving females, we could be relatively confident that there was no biologically relevant effect on female colouration. First, our confidence intervals suggest that even a much larger sample size would have yielded similar results, and secondly, an aviary-based experiment demonstrated an effect of nutritional stress on rump colouration with a smaller sample of females (Siefferman & Hill 2005a) . It does appear, however, that any effect of the brood-size manipulation on female plumage was much weaker than that found in males (Siefferman & Hill 2005b) . Structural colouration in male Bluebirds appears to play an important role in pairing and territory acquisition , Siefferman & Hill 2005b , and males that returned with less colourful plumage tended to nest later (Siefferman & Hill 2005b) . Thus, although males were more likely to survive than females after rearing enlarged broods, male Bluebirds did experience residual effects of rearing enlarged broods, as it affected their ability to secure mates in future years (Siefferman & Hill 2005b) . In Eastern Bluebirds, females that display structural colouration with greater UV chroma and shorter wavelength hue provided more maternal care and experienced greater reproductive success (Siefferman & Hill 2005a) , suggesting that colouration in females also plays a role in sexual selection. Moreover, food deprivation in females reduced these aspects of the structural colouration (Siefferman & Hill 2005a ). It is curious, then, that food deprivation reduced structural colouration in females in a previous experiment but that brood-size manipulation did not influence female plumage colour in this study. This discrepancy may be the consequence of the overall high mortality rates of females that reared enlarged broods coupled with the possibility that only high-quality females returned. The low-quality females that could have had their plumage negatively affected by the brood enlargements may have died or been unable to acquire nestboxes.
An alternative explanation for the sex-specific effects of brood-size manipulation on survival and change in plumage colouration could be effects or interactions of the treatment on the moult schedules of males and females. In the Blue Tit Cyanistes caeruleus , males began moulting earlier than females and were less able to provision larger broods during moult, and both sexes suffered the consequences of this moult-breeding overlap (Svensson & Nilsson 1997) . However, male and female Bluebirds begin moulting at the same time (Gowaty & Plissner 1998, our pers. obs.) . Irrespective of the causes, the sexspecific effects of the brood-size manipulation on return rates and ornamentation suggest that male and female Bluebirds differ in strategy and consequences of manipulated reproductive investment.
Our study demonstrates that, in the Eastern Bluebird, there are trade-offs between investment in first broods and investment in second broods within the same season as well as residual reproductive investment in future years. Male and female Bluebirds appear to differ in the strategies by which they invest in reproduction, emphasizing the importance of comprehensive measures of residual reproductive value in studies of life-history evolution.
